A multiexponential allometry (MA) 
C
learance is an important pharmacokinetic parameter that determines the rate at which a drug is eliminated from an organism. One of the most important tasks in drug discovery and development is the prediction of human drug clearance, so that a new chemical entity can move from preclinical to clinical development, and it helps increase confidence on new chemical entity selection for development. To predict human pharmacokinetic profiles, human clearance is very often estimated from pharmacokinetic data of preclinical species. 1, 2 Simple allometric (SA) scaling is a technique in which the log transform of clearance from preclinical species is correlated with body weight to predict clearance in humans. 3, 4 Because of the simplicity of the technique, it is one of the most popular methods for predicting human clearance from clearances measured in preclinical species. However, SA has not been entirely successful in the estimation of human clearance, and the poor prediction of human drug clearance by SA for drugs with certain exponents was first identified by Mahmood and Balian. 5 There have been several attempts by various groups to improve human clearance predictions using various techniques. Some of these include 2-or 3-species allometry, 6 rule of exponents, 5 liver blood flow methods, 7 and in vitro techniques. 8 The monkey liver blood flow (MLBF) technique, which is based on the ratio of human and monkey hepatic blood flow and monkey clearance, was found to be one of the best methods to predict human clearance compared to SA. 7 Each of these techniques mentioned has its own merits and demerits, and some of them have had only partial success in predicting human clearance. There still remains a need to improve the accuracy of human clearance estimates because of the human safety risk and tremendous financial costs that are associated with failed clinical trials. The goal of this article was to improve the estimation of human clearance by introducing a novel multiexponential allometric (MA) approach as an alternative to SA and to eliminate the uncertainty around the choice of the preferred correction factor used with SA. In-depth analysis of 2 data sets, one containing 50 compounds 1 (Table I ) and the other containing 102 compounds, 2 was performed to estimate human clearance, and results of that analysis were compared to the observed values. Percentage fold error has often been used to determine the strength of a given technique 6 ; in this case, we used 1.5-, 2-, and 3-fold error as the criteria to evaluate number of failures in our predictions. From a drug discovery perspective, 2-and 3-fold errors have been acceptable, 6 whereas a 1.5-fold error prediction is often desirable for the compound in clinical development. 7 The goal was to minimize the number of outliers within these 1.5-, 2-, and 3-fold errors when predicting human clearance from preclinical species.
METHODS
For the purpose of exploring the accuracy and precision of human clearance estimates via allometric methods, we chose 2 of the largest and most diverse data sets in the current literature. Data set I, compiled by Mahmood, 1 contains preclinical and clinical estimates of clearance for 50 compounds from a variety of chemical classes and clinical indications (Table I) . For each compound, preclinical data included pharmacokinetic parameters from at least 3 separate species except cisplatinum, in which only 2 species were used (Table I) . Data set II, compiled by Jolivette and Ward, 2 contains results for 102 compounds obtained from rat, dog, and monkey. Data from iododoxorubicin were not included in the analysis because it was an obvious outlier and was excluded by other groups in the analysis. 6 For the purpose of determining the effect of the number of preclinical species on the outcome of allometric scaling, the 2 data sets were analyzed separately using the schematic as depicted in Figure 1 . Both SA and MA were conducted on data set I of 50 compounds, whereas SA, MLBF technique, and MA were conducted on 102 compounds of data set II. After this analysis, 33 compounds that were common to both publications were identified. For these 33 common compounds, SA and MA were conducted on those from data set I, whereas SA, MLBF technique, and MA were conducted on those data obtained from data set II. The 33 common compounds obtained from data set I were further evaluated for the impact of species selection on outcome of estimated clearance. Of those 33 common compounds obtained from data set I, 27 compounds were identified as having monkey as 1 of the species. These 27 compounds were further evaluated with SA and MA with and without monkey included as one of the species. These 27 compounds were also evaluated using the MLBF technique.
Simple Allometry
Clearances from various preclinical species were used to estimate human clearance CL in milliliters/minute using the slope (b) and the coefficient of (a) SA as shown in equation 1.
(1)
Monkey Liver Blood Flow Technique
The MLBF technique was performed using equation 2:
where LBF is the liver blood flow of human or monkey, and the subscript of CL denotes the clearance of human or monkey in milliliters/minute.
Multiexponential Allometric Techniques
Human clearance from MA was calculated using equation 3:
where a and b are the coefficient and slope from SA, and d is the slope and c the coefficient of MA. The derivation of the parameters c and d is detailed below.
Determination of Slope for MA
Blood flow rate, organ volume, and organ weight of liver and kidney of preclinical species 9 were plotted against body weight. The slope of weight, volume, and organ flow rates of these major excretory organs (liver and kidney) were very similar and were approximately equal to 0.9 ( Figure 2 ). The slope d of the MA was fixed as 0.9, the slope of these excretory organs.
Determination of Coefficient for MA
The coefficient of MA, c, was found to be a function of the coefficient of SA, a, as shown in equation 4. bb, baboon; cw, cow; dg, dog; gt, goat; hs, hamster; mk, monkey (C, cymologous; R, rhesus); ms, mouse; pg, pig; pn, pigeon; rb, rabbit; rt, rat; sh, sheep. 
After analysis of both data sets, that is, keeping one as the training set and the other as an experimental set and vice-versa, it was found that the parameter β was a function of the slope of SA and was approximated and expressed according to equation 5: (5) where β is the adaptive coefficient, and b is the slope of SA. Equation 3 was thus modified to equation 6 using equations 4 and 5 to calculate human clearance: (6) Comparison Between SA, MLBF, and MA Fold error was calculated using each of the allometric techniques for both data sets using equation 7: where FE is fold error, CL predicted is predicted clearance, and CL observed is observed clearance.
The predictability of MA, MLBF, and SA was compared by calculating the percentage of outliers falling out of the 1.5-fold, 2-fold (0.5-2.0), and 3-fold (0.33-3.0) ranges. Average fold error (AFE) and average absolute fold error (AAFE) were also calculated for each data set and technique using the method of Obach et al. 6, 10 
RESULTS
Using SA to estimate human drug clearance for data set I, the AFE and AAFE were 1.41 and 1.54, respectively. The MA analysis gave AFE and AAFE values of 1.19 and 1.54, respectively (Table II) . With data set II, the AFE and AAFE using SA were 1.28 and 2.61, respectively, whereas for MA the corresponding values were 1.39 and 2.61, respectively (Table II) . These results indicate that both techniques slightly overpredict human clearance in both data sets.
When using SA, the percentages of outliers falling outside the 1.5-, 2-, and 3-fold ranges were highest in both data sets. In data set I, the percentage of outliers falling outside 1.5-, 2-, and 3-fold ranges was 74%, 47%, and 29%, respectively. Within data set II, the percentage of outliers falling outside 1.5-, 2-, and 3-fold ranges was 70%, 46%, and 28%, respectively, using SA (Figure 3) . When using the MLBF technique, the percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges on data set II was roughly 50%, 30%, and 25%, respectively ( Figure 3) .
The percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges using the MA technique varied between the 2 data sets tested. In the case of data set I, the percentages of outliers from MA were approximately 42%, 24%, and 10%, respectively ( Figure 3) . This represents about a 50% drop for 1.5-, 2-, and 3-fold range outliers compared to the SA technique. Within data set 2, the percentages of outliers were approximately 65%, 46%, and 22%, respectively ( Figure 3 ).
There were 33 compounds common to both data sets. However, each data set had collected preclinical clearance data from different species. This offered an opportunity to assess the impact of species choice to accuracy of each method. When these 33 compounds common to both data sets (Table I) were further evaluated using SA, MLBF, and MA approaches, the results showed that the percentages of outliers falling outside the 1.5-, 2-, and 3-fold ranges were highest in both data sets when using SA (Figure 4) . The percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges in case of data set I was 70%, 45%, and 27%, respectively, whereas for data set II, they were 85%, 48%, and 30%, respectively, using SA (Figure 4) . Using the MLBF technique, the percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges on data set II was 52%, 27%, and 21%, respectively (Figure 4) . The percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges using the MA technique was 42%, 27%, and 9%, respectively, for data set I (Figure 4 ). For data set II, the percentage of outliers outside the 1.5-, 2-, and 3-fold ranges was approximately 55%, 39%, and 15%, respectively, when using the MA technique (Figure 4) .
HUMAN DRUG CLEARANCE USING MULTIEXPONENTIAL TECHNIQUES
When the subset of 33 compounds common to both data sets was further analyzed for the choice of species, it was found that for about 70% of the compounds, more than 3 preclinical species were used; for 80% of the compounds, the species were not restricted to the combination of rat, dog, and monkey.
Furthermore, monkey was one of the preclinical species for human clearance estimation for about 80% of the compounds ( Figure 5 ). When 27 of these compounds that had monkey included as a preclinical species were further evaluated, it was found that including monkey as a species improved the human clearance estimates with both SA and MA methods ( Figure 6 ). Using SA on these 27 compounds, the percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges without monkey data was 85%, 74%, and 59%, respectively, versus 67%, 33%, and 19%, respectively, with monkey as one of the species (Figure 6 ). Using the MLBF technique, the percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges for these 27 compounds was 48%, 22%, and 14%, respectively ( Figure 6 ). The percentage of outliers falling outside the 1.5-, 2-, and 3-fold ranges for these 27 compounds using the MA technique was 88%, 70%, and 48%, respectively, without monkey included as one of the species (Figure 6 ). With monkey included as one of the species for these 27 compounds, the percentage of outliers outside the 1.5-, 2-, and 3-fold ranges was approximately 37%, 22%, and 4%, respectively, when using the MA technique ( Figure 6 ).
DISCUSSION
Accurate estimation of human clearance is a critical step in the estimation of human pharmacokinetics. Although there have been several articles outlining the poor predictability of allometric techniques, 11 allometry is still widely used in the estimation of human clearance using information from preclinical species. This study aimed at increasing the predictability of human clearances using MA compared to the SA method without additional experimental work. The MA method also eliminates the uncertainty of the choice of the proper correction factor when SA is used to predict clearance. Analysis of data set I (50 compounds) and data set II (102 compounds) separately rather than in combination was useful for understanding the likelihood of particular technique to minimize the error in human clearance predictions within 1.5-, 2-, and 3-fold. The results from this study showed that when SA was used to estimate human clearances for either set of data, the predictions do not differ very much, suggesting the limitation of the technique. In fact, SA always gave the largest number of outliers outside 1.5-, 2-, and 3-fold compared to MLBF or MA, and analysis was independent of the data sets.
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Figure 4. Comparison of error in the estimation of human drug clearance by simple allometry (SA), monkey liver blood flow (MLBF) technique, and multiexponential allometry (MA) using 33 compounds common to both data sets I and II. Error was characterized as with the percentages of outliers outside 1.5-fold (0.67-1.5), 2-fold (0.5-2), and 3-fold (0.33-3) of actual measured values. Comparison of SA, MLBF technique, and MA with the percentages of outliers outside 1.5-fold (0.67-1.5), 2-fold (0.5-2), and 3-fold (0.33-3).
Analysis of the 33 compounds common to both sets was also helpful in understanding the impact of the number and choice of species required to minimize the error in the human clearance prediction using any technique. Analysis of the 2 data sets showed that approximately 88% of the time, the combination of species was different between data sets; that is, they were not necessarily a combination of rat, dog, and monkey (Table I and Figure 5 ). When SA was used to estimate the clearance of the 33 compounds common to both data sets, the percentage of predictions outside 1.5-, 2-, and 3-fold ranges was within 5% error compared to the analysis of the complete data sets. The analysis of 27 compounds showed that including monkey as one of the species could improve SA predictions significantly by reducing the outliers by almost 50% at 2-and 3-fold levels. However, SA still remained the worst predictor of human clearance compared to MLBF or MA. This suggests that the benefit from using more than 3 species (ie, data set I) or monkey as a preclinical species is minimal with SA, especially at 1.5-fold level.
When using more than 3 species, the MA technique, when applied to these 33 common compounds, enhanced the capability of predicting human clearance by reducing the 1.5-, 2-, and 3-fold outliers by approximately 50% (data set 1) relative to results when SA was used. The reduction in 1.5-, 2-, and 3-fold outliers was less significant using the MA technique on data set II for these 33 compounds when compared to SA. Because data set II was limited to only 3 species (rat, monkey, and dog), this suggests that maximal improvement in the accuracy of human clearance estimation by MA requires at least 3 or more species, and the species selection should not be limited or restricted to the combination of rat, dog, and monkey. Analysis of 27 compounds that had monkey data within data set I suggested that monkey is an important species for interspecies scaling, and inclusion of monkey reduced the percentage outliers when using MA. Including monkey as a species in MA was shown to capture 95% of estimates within 3-fold of the measured value ( Figure 6 ).
When compounds in data set II that did not meet the 3-fold criteria were reanalyzed, some of these had renal or biliary clearances as a predominant route of elimination. After reanalysis using SA after excluding 13 compounds from data set II with biliary or renal route of elimination (actisomide, betamipron, cefazolin, cefmetazole, cefoperazone, cefotetan, cefpiramide, ciprofloxacin, moxifloxacin, napsagatran, susalimod, ethinylestradiol, Ro25-6833), 1 the percentage of outliers outside 1.5-, 2-, and 3-fold was 72%, 47%, and 30%, respectively. With the MA technique for these 89 compounds, the percentage of outliers outside 1.5-, 2-, and 3-fold was 62%, 43%, and 19%, respectively, whereas with MLBF percentage was 51%, 33%, and 25%, respectively. Thus, if the mechanism of clearance in preclinical species is understood, then MA could improve the predictions and reduce the percentage of outliers within 3-fold error better than the MLBF method could. One hypothesis could be that the compounds with renal elimination may be influenced by glomerular filtration rate whose exponents are 0.7 and not 0.9 across species. Further work is warranted in this direction to study the impact of different values of d on the human clearance predictions. The percentages of outliers within the 1.5-and 2-fold were best estimated by the MLBF technique for data set II. Similar results were obtained by Tang et al, 6 suggesting that MLBF methods are a very useful means of estimating human clearance. However, the current analyses of data sets with 33 common compounds suggest that by using MA with more than 3 species including monkey, it is possible to estimate human clearance within 1.5-fold 60% of the time, within 2-fold 80% of the time, and within 3-fold more than 90% of the time. This represents an improvement of approximately 50% compared to the MLBF technique alone at 3-fold outliers. Moreover, the MLBF technique is a single-species approach, and errors in the clearance estimate of monkey could lead to error in human clearance estimation. For example, various antipyrine monkey clearance estimates have been reported in the literature (4.4 and 11.5 mL/min/kg). 2, 12 Thus, estimation of human clearance would vary (Table III) depending on which monkey clearance value is used. Therefore, the use of the MLBF technique alone should be used with caution for human clearance predictions. The MA technique offers the benefit of dampening the impact of an error in the estimate of clearance for any given species.
HUMAN DRUG CLEARANCE USING MULTIEXPONENTIAL TECHNIQUES
Although using SA led to the greatest number of outliers in our analysis, it is important to note that SA can be useful in a majority of cases. For example, when data set I (50 compounds) was broken down into 3 categories based on the SA slopes of 0.3 to 0.5, 0.51 to 0.7, and >0.71, it was found that when the slopes of SA were less than 0.7, predictions after SA were equal to predictions from MA ( Figure 7 ). However the number of compounds with slope 0.3 to 0.5 and 0.51 to 0.7 only accounted for 4 (8%) and 13 compounds (26%) of the total 50 compounds in data set I, respectively. When the slope was >0.7, then MA had a clear advantage over SA, and the number of compounds with >0.7 slope was 33 (66%) of the 50 compounds used in data set I. That is, the MA technique extends the range wherein allometric techniques may be considered to be accurate and useful.
In summary, these results show that the MA technique, when used with preclinical data from more than 3 species, is an improved means of estimating human clearance within acceptable criteria for error. The results also show that SA is not the best technique to predict human clearance in all cases. Furthermore, the MLBF technique should be used with caution because it is a 1-species method for estimating human clearance. The MA and MLBF techniques can be more predictive as measured by the number of estimates within 1.5-, 2-, or 3-fold error. The results also suggest that the MA technique when applied to data sets from more than 3 species with monkey included should be able to predict human clearance with much reduced error compared to the MLBF technique. 
GOTETI ET AL
APPENDIX
It is well known that basic anabolic metabolism or energy usage is proportional to body mass, and the slope of this relationship is approximately 2/3 (0.67). 1 However, as shown in the body of this article, cellularity and therefore volumes of the eliminating organs (liver and kidney) scale against body weight with a slope of approximately 0.9. In an integrated biological system, drug metabolism capacity is a function of the volume of cells mediating drug elimination within an organ; therefore, both anatomical and physiological processes have to be taken into account for scaling drug clearance. The separate scaling factors associated with energy usage and volumes of eliminating organs served as the conceptual basis for multiexponential allometry (MA).
It is established that the simple allometric (SA) slope (a) and exponent (b) approximate the relationship between energy use and metabolic capacity (equation A1):
We hypothesize that the errors in this relationship observed when the slope and exponents are outside of a known boundary 1 can be minimized by addition of exponential terms that account for anatomical capacity (equation A2): 
Determination of Slope for MA
Blood flow rate, organ volume, and organ weight of liver and kidney of preclinical species 9 were plotted against body weight. The slope of weight, volume, and organ flow rates of these major excretory organs, that is, liver and kidney, were very similar and approximately equal to 0.9 ( Figure 2) . The slope d of the MA was fixed as 0.9, the slope of these excretory organs.
Determination of Coefficient for MA
The coefficient c in equation A2 is a function of the coefficient of SA a and a modifier β: 
